Macaca fascicularis is a highly advantageous model in which to study human cochlea with regard to both evolutionary proximity and physiological similarity of the auditory system. To better understand the properties of primate cochlear function, we analyzed the genes predominantly expressed in M. fascicularis cochlea. We compared the cochlear transcripts obtained from an adult male M. fascicularis by macaque and human GeneChip microarrays with those in multiple macaque and human tissues or cells and identified 344 genes with expression levels more than 2-fold greater than in the other tissues. These "cochlear signature genes" included 35 genes responsible for syndromic or nonsyndromic hereditary hearing loss. Gene set enrichment analysis revealed groups of genes categorized as "ear development" and "ear morphogenesis" in the top 20 gene ontology categories in the macaque and human arrays, respectively. This dataset will facilitate both the study of genes that contribute to primate cochlear function and provide insight to discover novel genes associated with hereditary hearing loss that have yet to be established using animal models.
Although the basic histological components of cochlear tissues are consistent among mammalian species 1 , each species has a unique range of auditory frequencies 2 to perceive environmental change and communicate. This physiological variation can be explained not only by the morphological properties of conductive auditory organs such as the auditory canal, eardrum, and ear ossicles but also by the magnitude of expression of cochlea-specific genes. Macaca fascicularis (also called long-tailed, cynomolgus, or crab-eating macaque) is one of the best-studied nonhuman primate models for biomedical research; the entire genome has been sequenced, and most of the genes have been annotated 3, 4 . The extremely high similarity between human transcripts and those of M. fascicularis as well as Macaca mulatta (rhesus macaque) has enabled investigators to study the gene expression profiles of macaque tissues using both the macaque and human microarray platforms 5 . The hearing range of M. fascicularis is from <0.1 to >32 kHz 6 , which overlaps with human hearing rage from <0.1 to 20 kHz. Therefore, M. fascicularis is considered a highly advantageous model to study human cochlea with regard to both the evolutionary proximity and physiological similarity of the auditory system. To date, more than 100 genes have been identified that are associated with nonsyndromic hearing loss in humans 7 , and the number is increasing. While most of the genetic studies of cochlea have been carried out using rodents or other vertebrate species, the number of genetic studies using human cochlea is limited, mainly due to the difficulties in obtaining fresh cochlear tissues. Gene expression analysis from postmortem, formalin-fixed human cochlea is challenging due to fragmentation of the nucleic acids during fixation followed by decalcification and paraffin-embedding
Results
Bilateral, whole cochlear tissues were freshly dissected from a male M. fascicularis, and total RNA was extracted immediately (Fig. 1a-c) . We studied gene expression in the tissues and formulated a list of genes with expression levels >2-fold higher in the cochlea compared with (experiment 1) four tissues and a cell line from three independent M. mulatta animals 5 on Rhesus Macaque Genome Array (macaque array) with each biological sample in duplicate; or (experiment 2) four tissues and a cell line from one M. mulatta animal 5 and 22 pooled human tissues and 2 cell lines 9 on Human Genome U133 Plus 2.0 Array (human array, Fig. 1d ). Since the transcripts between M. mulatta and M. fascicularis show almost 100% identity 3 , the best platform to study gene expression in M. fascicularis cochlea would be macaque array. However, the platform was less frequently used (300 analyses have been registered in Gene Expression Omnibus (GEO), last visited on August 1, 2018) and predominantly for studies of viral infection or medical interventions in macaques. The number of available datasets of normal, untreated macaque tissues on the macaque array seemed limited to select genes predominantly expressed in the cochleae. The human array has been widely used (6, 254 analyses in GEO, last visited on August 1, 2018) including multiple datasets of normal tissues, and was considered useful for meta-analysis to extract genes predominantly expressed in cochlear tissues. While affinities of the probes on the human array to the transcripts in the macaque tissues seemed not identical to those on macaque array 5 , the transcripts between human and M. fascicularis show more than 95% identity 3 , suggesting that profiles of gene expression in macaque cochleae can be analyzed on human array platforms in substitution.
Reproducibility of the datasets in the human microarray data was assessed by measuring Person's correlation coefficient and scatter plot analyses (see Supplementary Fig. S1 ). Small numbers of probes showing more than 2-fold changes, high values of correlation coefficient (>0.99) between tissue replicates, and the scatter plot analyses also indicated reproducibility of the datasets in each tissue. To verify the tissue-specific gene expression in macaque cochlea, 45,902 probes detected in at least one of the macaque cochleae on human array were subjected to cluster analysis among macaque cochleae and 22 human tissues (see Supplementary Fig. S2 ), demonstrating that related tissues such as those in central nervous system (cortex, cerebellum, fetal brain, spinal cord) were clustered in the same group, and the macaque cochleae were closely related to the central nervous systems, suggesting that the datasets obtained in this study reflected actual profile of gene expression in the macaque cochlea.
Finally, we detected 474 probes that reflected the actual profile of 285 gene expression in experiment 1 and detected 99 probes that reflected the actual profile of 91 gene expression in experiment 2, and these genes were called cochlear signature genes (Table 1, see Supplementary Table S1 ). Of these genes, 32 were detected in both experiments 1 and 2, so the total number of cochlear signature genes was 344. The coincidence of the 32 genes was significant (p < 2.2 × 10 −16 , Fisher's exact test), verifying the reproducibility of experimens 1 and 2. The "common" cochlear signature genes and the expression profile among the examined tissues are shown as a heat map in Fig. 2 . Intriguingly, the cochlear signature genes included 35 genes responsible for nonsyndromic or syndromic hearing loss such as COCH which is responsible for autosomal dominant nonsyndroic heaing loss (DFNA9, OMIM #601369) 10 and predominantly expressed in cochlear lateral wall, and GJB2 which is responsible for autosomal recessive nonsyndromic hearing loss (DFNB1A, #220290) 11 , the deafness gene most frequently found world wide ( Table 2) . Some of other examples were; TYR which is associated with ocular albinism and sensorineural deafness (#103470) 12 , and SLC17A8, a marker gene for spiral ganglion cells in the cochlea and responsible for autosomal dominant nonsyndromic deafness (DFNA25, #605583) 13 . Gene ontology analysis of the datasets identified 434 enriched terms in the macaque array and 685 enriched terms with P < 0.05. As expected, groups of genes categorized to "ear development" and "ear morphogenesis" were included in the list of top 20 gene ontology categories in the macaque and human arrays, respectively (see Supplementary Table S2 and Supplementary Fig. S3 ).
Among the common cochlear signature genes, we attempted to compare expression levels of COCH, IL17B, and NEK1 in the macaque cochleae with those in a human brain by quantitative RT-PCR (qRT-PCR, see Supplementary Fig. S4 ). Comparison of gene expression/GAPDH ratios indicated expression of the all three genes in the macaque cochleae was significantly higher than the human brain, partially reproducing the predominant expression of cochlear signature genes in the macaque cochlea.
Discussion
Our study presents the profile of cochlear signature genes obtained from bilateral whole cochleae dissected from an adult male M. fascicularis. Based on the facts that 1) datasets detected in the macaque cochleae were suggested to reflect actual profile of gene expression by cluster analysis; 2) cochlear signature genes were enriched in genes associated with nonsyndromic or syndromic hearing loss in both microarray platforms; 3) genes categorized to ear development or ear morphogenesis were highly enriched by gene set enrichment analysis in both microarray platforms, we coclude that the method to extract cochlear signature genes using the two microarray platforms was valid.
There have been transcriptomic analyses of sensory hair cells and the progenitor cells in zebrafish lateral line 14 , regenerating chicken utricle hair cells after ototoxic drug treatment 15 , embryonic to newborn mouse inner ear sensory cells 16 or ganglion cells 17 , or proteomic analysis of newborn mouse inner ear hair cells 18 , all of which have focused mainly on differentiation and/or regeneration of inner ear sensory hair cells or neurons. Cell type-specific analysis results in paying less attention to the surrounding non-sensory cochlear tissues, which play significant roles in normal cochlear function. Using whole cochlear tissues, we have successfully detected cochlear signature genes including MLANA 19 as well as TYR 12 , both of which are marker genes for the melanocyte (also called as intermediate cell) in the stria vascularis. COCH 10 and GJB2 11 , both of which are responsible for hereditary hearing loss and are expressed predominantly in the cochlear tissues other than organ of Corti were also included in the gene list, supporting the anticipation that the genes with significant roles in the cochlea show predominant expression levels in the tissues. More than 10% of the cochlear signature genes (35 out of 344) was estimated to associate with hereditary syndromic or nonsyndromic hearing loss. Since several hundreds, but not thousands of genes have been roughly predicted to associate with hereditary hearing loss [20] [21] [22] in all the human genes (approximately 19,000-20,000) 23, 24 , cochlear signature genes are presumably rich in deafness genes. Regarding the fact that novel genes associated with hearing loss have been reported every year, it raises the possibility that unreported deafness genes are included in the cochlear signature genes. One possible application of the cochlear signature genes would be to use the list to prioritize the candidate deafness genes from the results of whole exome/ genome sequencing when there are no other evidence of clinical data or animal experiments associated with hearing loss.
Limitation of this study is that the gene expression data was based on bilateral cochleae from one animal, and it was not possible to conduct the statistical analysis among multiple animals to show the variance among animals. During tissue dissection, we found it extremely challenging to obtain high quality total RNA from whole cochlear tissues surrounded by thick temporal bones in macaque. During our limited opportunities to optimize how to extract RNA from several euthanized macaques, we found that only the fresh cochlear tissues dissected within 30 minutes after sacrifice and before formalin perfusion enabled recovery of total RNA with high quality (that is, RIN ≥ 7.0) for microarray analysis. The datasets presented here were obtained to minimize degeneration of RNA in the macaque cochleae and therefore valuable, even if the data came from bilateral cochleae from one individual animal. Increasing the number of macaques for the examination will enable the statistical analysis in the future and, perhaps, decrease the number of cochlear signature genes. The reason that cochlear signature genes extracted from the macaque array outnumbered those of the human array was considered to reflect the fact that a limited number of datasets was used for comparison in the case of the macaque array.
The profile of cochlear signature genes obtained from high-quality RNA, two array GeneChip platforms (including the widely used human array), and extensive comparison with five macaque tissues and 24 human tissues or cell lines constitutes a valuable resource for studies of genes that contribute to cochlear structure and function in primates, and provide insight to discover novel genes associated with hearing loss that have yet to be established in rodent models. 
Methods
Animal care. The test animal was a 5-year-old male Malaysian M. fascicularis housed at the Tsukuba Primate
Research Center (TPRC), National Institutes of Biomedical Innovation, Health and Nutrition (NIBIOHN), Tsukuba, Ibaraki, Japan. The animal was cared for, handled, and sacrificed according to the guidelines and regulations established by the Institutional Animal Care and Use Committee of NIBIOHN and the standard operating procedures for macaques at TPRC. The animal was housed individually in a size-appropriate cage, and the light cycle consisted of 12 h of artificial light from 7 am to 7 pm. Temperature and humidity were maintained at 25 ± 2 °C and 60 ± 10% in the animal room. The animal was fed 70 g of commercial monkey chow (Type AS; Oriental Yeast Co., Ltd., Tokyo, Japan) and 100 g of apples daily. Water was supplied ad libitum. All experimental procedures were approved by the Institutional Animal Care and Use Committee of NIBIOHN. Although the macaque subjected for this study had not been examined by auditory brainstem response nor by otoacoustic emissions, the animal had never shown any behaviors suspicious for hearing impairment while kept in the facility, such as ignorance to the sound. The animal was kept in the room with the environmental noise kept to below 60 dB. The animal did not have history of obesity, treatment with ototoxic drugs, nor exposure to loud sound, all of which are risk factors of age-related hearing loss 25 . Therefore, we considered that the animal had normal hearing at the time of experiment.
Tissue collection and RNA extraction. For RNA extraction, bilateral cochleae were dissected from the test animal within 30 minutes after sacrifice by exsanguination under deep anesthesia (Fig. 1a) . First, the bony labyrinths were dissected from left and right temporal bone, then connective tissues were removed and placed in ice-cold saline. RNA from whole membranous cochlear tissues was extracted using ISOGEN-II (Nippon Gene, Toyama, Japan) and purified using an RNeasy micro kit (QIAGEN, Hamburg, Germany). Quality of the RNA extracted from the cochleae was analyzed with a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) (Fig. 1c) .
Transcription profiling. Biotinylated antisense RNA (aRNA) from 250 ng total RNA was prepared from left or right cochlea separately according to the manufacturer protocols (Affymetrix, Santa Clara, CA, USA). Then, 10 μg of aRNA was hybridized on the GeneChip Rhesus Macaque Genome Array (macaque array, Affymetrix) and the Human Genome U133 Plus 2.0 Array (human array, Affymetrix) for 16 h at 45 °C (Fig. 1d) . The GeneChip microarrays were washed and stained in the Affymetrix Fluidics Station 450. The stained GeneChips were scanned using the Affymetrix Scanner 3000-7G. The images were digitized using GeneChip Operating Software (GCOS) v1.3 (Affymetrix), and the data were exported as CEL files. The microarray data were normalized using the MAS5 algorithm (Affymetrix). The intensities were converted to a logarithmic scale (base 2). To correct for bias between arrays, we then performed quantile normalization for all array data using R software ("affy" and "limma" packages). The signal reliability of each probe was determined using the MAS5 Call algorithm (Affymetrix), and each probe was assigned to one of three flags: P, present; M, marginal; A, absent (GEO #GSE111693).
In addition, the pair of gene expression data in the left and right cochleae using the macaque microarray were compared with averaged expression levels of those in four tissues and a cell line (cerebral cortex, pancreas, testis, thymus, and fibroblast, three samples with duplicated data in each tissue or cell) of M. mulatta using the same platform (Fig. 1c, top) (GSE7094) 5 .
The pair of gene expression data in the left and right cochleae using the human microarray were compared with averaged expression levels of those in the five tissues (one sample with duplicated data in each tissue or cell line) of M. mulatta (GSE9531) 5 in addition to 24 human tissues or cell lines (bone marrow, cerebellum, colon, cortex, fetal brain, heart, kidney, liver, lung, pancreas, prostate, salivary gland, skeletal muscle, small intestine, spinal cord, spleen, stomach, testes, thymus, thyroid, trachea, uterus, HeLa, and SHSY5Y, single data in each tissue) (Fig. 1c, bottom) (GSE18674) 9 and using the same platform. As for human tissues, total RNA of each tissue had been purchased from several providers and pooled from more than 10 individuals on average to minimize individual variations 9 . Cluser analysis was performed by Ward's method using R. To identify cochlear signature genes, statistical significance was assessed with Welch's t-test with Bonferroni correction. Probes were extracted that had expression levels >2-fold compared with the average of all the tissues and corrected P < 0.05. Gene symbols were updated manually. Gene ontology analysis was conducted according to the Gene Set Enrichment Analysis software 26, 27 . Gene expression levels measurement by qRT-PCR. Total RNA extracted from human brain (purchased from TaKaRa BIO, Shiga, Japan) or from the whole left or right cochlear tissues from the macaque was reverse transcribed by SuperScript III (ThermoFisher Scientific, Massachusetts, USA) and was subjected to qRT-PCR using PowerSybrGreen PCR Master Mix (Applied Biosystems, California, USA) and QuantStudio 3 (Applied Biosystems) according to the manufacture's protocols. Primer sets used in this study were shown in Supplementary Table S3 . The experiment was evaluated as Gene expression/endogenously expressed GAPDH ratio with triplicate analyses of each experiment. Statistical evaluation was done by 2-way ANOVA. Table 2 . List of genes associated with nonsyndromic or syndromic hearing loss detected in this study.
